Rolling element bearing faults in rotating systems are observed as impulses in the vibration signals, which are usually buried in noises. In order to effectively detect the fault of bearings, a novel spectrum searching method is proposed. The structural information of spectrum (SIOS) on a predefined frequency grid is constructed through a searching algorithm, such that the harmonics of impulses generated by faults can be clearly identified and analysed. Local peaks of the spectrum are projected onto certain components of the frequency grid, and then the SIOS can interpret the spectrum via the number and power of harmonics projected onto components of the frequency grid. Finally bearings can be diagnosed based on the SIOS by identifying its dominant or significant components. Mathematical formulation is developed to guarantee the correct construction of the SIOS through searching. The effectiveness of the proposed method is verified with simulated signals and experimental signals.
Introduction
Rotating machinery is widely used in many industrial fields. Fault diagnosis in rotating machinery is important for system maintenance and process automation. In practice, faulty bearings contribute to most of the failures in rotating machinery [1, 2, 3, 4] . It is reported that about 40% to 90% of failures are related to rolling element bearing failures from large to small machines [5] . Particularly, either inner-race or outer-race flaws dominate most bearing failures. Periodic sharp impulses characterize these faults, and the characteristic frequencies can be theoretically computed. Nevertheless those impulses are of low power and usually buried by noises. These signals are also usually modulated by some high-frequency harmonic components and resulted in a series of harmonics of characteristic frequencies [6] .
In order to realized fault diagnosis of bearing, some features of vibration signals are extracted through time-domain methods, frequency-domain methods, and time-frequency methods [2] . Time-domain methods are directly based on the time waveform, e.g. peak amplitude, root-mean-square amplitude, variance, skewness, kurtosis, correlation dimension and fractal dimension. Spectral kurtosis was developed to identify the characteristic frequencies of bearings, where a filter was designed to get the signal with the maximum kurtosis in spectrum and then the envelope analysis was usually applied to show the characteristic frequencies [11, 12, 13] . The wavelet techniques were widely used to decompose the vibration signals in order to find the most useful filter for fault diagnosis [14, 15, 16, 17] . The conventional band-pass filters were also applied whose parameters were optimized through genetic algorithms or adaptive algorithms [18, 19] . Those methods are relatively complex which involve complicate computations.
Indeed spectral kurtosis based methods are to find the resonant frequency band of vibration signals which contains a train of high-energy harmonics of characteristic frequency, and then transform the resonant frequency band to a low frequency band through envelope analysis. It is suggested that the characteristic frequency could be identified by finding harmonics with high energies in spectra. Reference [6] also pointed out that the impulses of bearing faults could be detected when a series of harmonics of the characteristic frequency are identified in the spectra. This paper proposes a simple method to detect the faults of bearings by searching the harmonics in spectra. As discussed before, the impulses generated by bearing faults are usually modulated, and harmonics of the bearing characteristic frequency exist in the spectrum of vibration signals. Hence we simply search the local peaks in the spectrum of vibration signals. Then the local peaks related to harmonics of certain frequency is projected onto a predefined frequency grid, such that the so-called structure information of the spectrum (SIOS) of the spectrum is constructed. The SIOS includes two defined indexes, which provide the information about the number and the power of harmonics of certain frequency. The dominant and significant components in the SIOS are just corresponding to the characteristic frequency of bearings and therefore the bearing faults can be diagnosed.
The rest of the paper is organized as follows. Section 2 introduces the spectrum searching method and the SIOS. In section 3, the method is applied to diagnose bearing with a simulated signal, and then it is compared with a benchmark study. The discussion and concluding remarks are given in section 4 and 5.
Spectrum searching method
As illustrated in [6] , faults of rolling element bearings generate impulses, and excites frequency resonances of the whole structure between the bearing and the transducer. The low harmonics of the bearing characteristic frequencies are usually masked by other vibration components; while the harmonics can be found easier in a higher frequency range, but higher harmonics may smear over one another. In case of heavy noises the harmonics series usually can not be directly recognized in the spectrum. The harmonics do exist in the spectrum, but it is not possible to determine the bearing characteristic frequencies by measuring the spacing of the harmonic series. Hence we propose the spectrum searching method to identify the bearing characteristic frequencies. The main steps are as follows:
• find the local peaks with locally larger amplitudes in the spectrum by searching over the whole frequency range,
• construct the SIOS on the pre-defined frequency grid by projecting components of the spectrum with local peaks onto components of the frequency grid, and
• identify the dominant or significant components on the frequency grid according to the SIOS.
In this section we will describe the first two steps. For convenience in the rest of the paper, P (k) is defined as the single-sided power amplitude of the kth frequency component in the spectrum; F (k) is defined as the frequency in Hz corresponding to the kth frequency component; and I(k) is defined to indicate whether the kth frequency component has a local peak or not. The resolution of the spectrum is denoted as ∆ s . The sampling rate of the vibration signal is denoted as F s .
Find the peaks in the spectrum
The spectrum consists of the power amplitude of each frequency component.
In order to construct the SIOS, we define the local peaks of the spectrum as follows.
Definition of Local Peaks. Given three frequency components of the spectrum, i.e. F (k − 1), F (k) and F (k + 1), then P (k) is called a local peak if P (k) > P (k − 1) and P (k) > P (k + 1).
(1) By searching on the spectrum, all frequency components satisfying inequality
(1) can be found. Fig. 1 gives an example of local peaks.
Such a definition may lead to a large number of local peaks. Obviously we are not interested in the frequency components with small amplitudes which may be related to noises. The harmonics of bearing characteristic frequencies are usually with relatively larger amplitudes. Hence a threshold is proposed to suppress the influence of noises to some extent as follows
where l and δ are nonnegative constants. If P (k) satisfies inequality (1) and
then I(k) = 1, and otherwise I(k) = 0. The threshold in Eq. (2) is varying in terms of k. The first part of the threshold is the moving average of power amplitudes; and the second part, i.e. δ, is used to control the total number of identified local peaks.
The relation between the spectrum and the frequency grid.
Construct the SIOS
Assume the bearing characteristic frequencies are within the range from F l to F h in Hz (F l and F h are both frequency components of the spectrum), and the frequency grid is defined as
where ∆ G is a selectable positive constant. Therefore the number of frequency components of G is (F h −F l )/∆ G +1. We use G(i) to represent the ith frequency component of G. ∆ G is the interval between components of the frequency grid, and it is suggested to be the resolution of the spectrum or its demultiplier, and we denote it as ∆ G = ∆ s θ , θ is a positive integer and θ ≥ 1.
If a local peak is found on the kth frequency component of the spectrum, then it is projected onto the ith component of G if
In other word, we try to project all frequency components of the spectrum onto a frequency grid according to Eq. (5). Fig. 2 illustrates the relation between the spectrum and the frequency grid.
Based on the frequency grid, we define two indexes to represent the SIOS.
The first one is the number of local peaks projected onto the ith component of
and
If F (k) is projected onto a component of G according to Eq. (5), then the harmonics of F (k) will also be projected onto the same component of G.
The second index is the total power of local peaks projected onto the ith
This index is used to distinguish the useful signal from the noises. If G(i) is corresponding to a characteristic frequency of bearings, E(i) should be relatively large.
In case the characteristic frequency of bearings and its harmonics are multipliers of the ith frequency component of G, all of them will be projected onto the ith component of G. 
can not be projected onto G when b G = 0, where α G(i) is a positive integer and
by β j f m , may also not be projected onto G, where β j = j.
In order to overcome this problem, we reformulate Eq. (5) as
where σ(i, j) > 0 and ⌊⌋ is the flooring operator. When inequality (7) is satisfied, we say the jth harmonic of f m is projected onto the ith component of G.
Now the key question is how to select σ(i, j). Without loss of generality, f m can be assumed as
We would like to find σ in inequality (7), such that f m and its harmonics are all projected onto the ith component of G when inequality (1) and (7) are satisfied.
Considering the limitation of interval of G, we have
Assume
By setting
we have
according to inequality (8) . Clearly f m and its harmonics can be projected onto the same component on G(i) when inequality (7) and Eq. (9) are satisfied.
In next, we will shown that the assumption 1 made on β j and α G(i) can generally be satisfied. According to inequality (6), α G(i) becomes larger when θ is larger, as
Since (9) is constrained by
where F s /2 is the maximum frequency of the spectrum. Then we have
We could take a sufficient large sampling length of vibration signal to obtain a fine spectrum resolution, such that
Then based on inequality (10) and inequality (12), we have
and consequently β j θ/α G(i) . That means the assumption 1 can be fulfilled if inequality (12) is satisfied.
With a defined F l , inequality (12) can always be satisfied with a sufficient large sampling length of vibration signals. Hence the assumption 1 can be generally satisfied.
For instance, we are interested in the characteristic frequency in the range from 100Hz to 200Hz, and therefore the frequency grid is defined with F l = 100Hz and F h = 200Hz. The sampling rate is 12kHz. According to in inequality (12) , assumption 1 can be satisfied when
We take 2 15 as the sampling length, and then ∆ s = 0.3662 which is satisfying inequality (12) . According to inequality (10) and (11), we have
and therefore max The flowchart for constructing SIOS is given in Fig. 3 .
Moreover, let us suppose that the sampling frequency of a discrete time series x(i), i = 1, 2, . . . , n, satisfy the limiting condition in inequality (12) , then the pseudo-code of SIOS algorithm for x(i) is given in Table 1 . Once the N and E are derived, they can be applied to perform bearing fault diagnosis. In next a simulation and two experimental studies are used to describe how to realize bearing diagnosis using the SIOS.
3 Detection of characteristic frequencies of faulty bearings by identifying the dominant frequency
Simulation analysis
In order to demonstrate the proposed method, we use the similar simulated bearing fault signals that given in [15, 18] . The simulated bearing fault signal Inputs:
Search local peaks:
if P (k) > P (k − 1) and P (k) > P (k + 1) and P (k) > J th then Construct the SIOS: 
24 end 25 end 26 end with one resonant frequency is given as: where β is equal to 900, f m is the fault characteristic frequency (f m = 110Hz), F s is the sampling frequency (F s = 12000Hz), τ r is a uniformly distributed random number which is used to simulate the randomness caused by the slippage, and f is the resonant frequency (f = 3900Hz). And k − r × F s /f m − τ r ≥ 0 is used to ensure the causality of the exponential function. Gaussian noise is also added and the signal noise ratio is set as −10dB.
It is known that the slippage of bearings cause smearing of harmonics. In this case the power amplitudes of harmonics will be distributed to adjacent components. Such effects will definitely influence the diagnosis results. Therefore we consider τ r ∈ [− 8, 8] . The original signals are shown in Fig. 4 , where only 500 samples are displayed. The corresponding averaged spectra are given in The SIOS is given in Fig. 6 and Fig. 7 , where the frequency grid is selected as [100Hz, 200Hz) with ∆ G = 0.1∆ s . The power amplitudes of harmonics are significantly reduced due to smearing as shown in Fig. 5 . However the proposed method is still effective as shown in Fig. 6 and Fig. 7 , where f m is clearly identified. The main reason is that, the SIOS gives information about all harmonics even with small amplitudes through the searching algorithm. Fig. 9 show the waveform and the spectrum of record 510.
Bearing fault signals
The frequency grid is selected as [200Hz, 300Hz), and ∆ G = 0.1∆ s . Fig. 10 and 11 depict the SIOS of record 510 with outer-race fault. Although 246Hz is a dominant in Fig. 11 , the number of peaks found around 246Hz is quite small as shown in Fig. 10 . Hence 246Hz is not treated as the dominant component on the frequency grid. The similar is 272.5Hz, which has a smaller power than 230.4Hz. Only 230.4Hz is significant in both figures, and therefore it is identified as the dominant component on the frequency grid. It is clearly corresponding to the outer-race fault [21] .
As demonstrated by the results, the outer-race fault is detected after around 3.54 running days. We also apply spectral kurtosis based method to find the characteristic frequency, and the envelope spectrum of filtered signal is shown in Fig. 12 , in which no evident characteristic frequency can be observed. The proposed method also detects the fault earlier than the method in [21] , where the fault is detected after around 3.8 running days.
Case 2: a rolling element bearing benchmark
The vibration data from the Case Western Reserve University (CRWU) Bearing Data Center [22] are analyzed and compared with the published benchmark results in [23] . Table 2 . And we use f r to denote the rotating frequency.
The frequency grid is selected as [100Hz, 180Hz). ∆ G = 0.1∆ s and l = 10000
are chosen for all records. δ is set as 0.0002 for most records, where δ is set as It is clearly corresponding to the outer-race fault (1× BPFO).
It is interesting that, all significant components in Fig. 13 and 15 seem to be harmonics of 0.2 × f r . Similar observations have been found in [23] when some records with ball fault were analyzed with the envelope spectrum. As stated in [23] , it is quite likely that the amount of mean slip in bearing has adjusted itself to lock onto an exact subharmonic of a dominant frequency such as shaft speed.
In this case BPFI seems to lock onto 5.4 × f r and BPFO seems to lock onto 3.6 × f r , which are both multipliers of 0.2 × f r . This is also confirmed by most of records with inner-race fault or outer-race fault, whose harmonics of 0.2 × f r are significant on the SIOS and the component corresponding to 5.4 × f r or 3.6 × f r is the dominant one in N (i) and E(i) of the SIOS. Fig. 17 and 18 depict the SIOS of record 118 with ball fault. An interesting feature is that the ball fault records often present evidence of outer and inner race faults, which was also discussed in [23] . Most of the marked components in Based on the above analysis, the bearings are diagnosed based on the SIOS according to the following rules:
• inner-race fault: the dominant component in SIOS is BPFI,
• outer-race fault: the dominant component in SIOS is BPFO, and
• ball fault: the BFP, 2×BSF, and at least one harmonic of FTF are significant in SIOS; or 2× BSF is dominant in SIOS.
If one of the above rules is fully satisfied, the diagnose result is marked by Y; and if one of the above rules is partly satisfied, the diagnose result is marked by P. If no rules is satisfied, the diagnose result is marked by N.
The diagnosis results are compared with the benchmark study in [23] , where envelope analysis, spectral kurtosis and cepstrum techniques were applied. As listed in Table B2 given by [23] , record 198, 199, 200 with outer-race fault can not be diagnosed or only partly diagnosed through the benchmark method. We take record 198 and 200 to illustrate the effectiveness of the proposed method as shown in Fig. 19 -22 . It is clear that, BPFO is the dominant component in SIOS, and therefore the outer-race fault can be successfully diagnosed by proposed method.
Besides, most of records with ball fault were marked by N1 in [23] , because it was difficult to explain why some BSF components in the envelope spectrum were much stronger than the others. In fact the stronger BSF components in the envelop spectrum often coincide with the BPFI or BPFO components. In other words, once the BSF component conform with a BPFI or BPFO component, it could be a strong one. That is also the reason why we observe significant components corresponding to BPFI and BPFO in SIOS of records with ball faults (see Fig. 17 ). In this sense the diagnose results of those records with ball faults can also be marked by Y or P according to the rule defined in [23] . We will not compare those records due to the ambiguous results of the benchmark. Table 3 -Table 5 give the full diagnosis results with the proposed method and the comparison with benchmark. Record 121 and 188 with ball fault can not be fully diagnosed by the proposed method, where the BFP can not be fully identified and 2× BSF is not dominant in the SIOS. With the proposed method satisfied results can also not be obtained for record 3001-3004, and the reason is similar with that demonstrated in [23] . According to (2) , the number of local peaks is determined by the selection of l and δ. Since the average power in different frequency bands may be varying, we use l in (2) to build a frequency-dependent baseline in order to suppress frequency components with low power amplitudes. The selection of l is not strict, and it can be simply chosen such that 2l + 1 components represent any desired frequency bandwidth, e.g. 50Hz, 100Hz. Then the number of local peaks will be controlled through the selection of δ. If δ is too large, then only a few local peaks can be found and therefore some harmonics may be lost. If δ is too small, the number of local peaks could be large and the searching effort could be very high. Since the harmonics of bearing characteristic frequencies usually have relatively larger amplitudes, in practice we suggest to select δ such that 0.5% ∼ 3% of amplitudes are treated as local peaks.
In the benchmark study l is set as 10000, such that the bandwidth of 114Hz is used to compute the moving average. And δ is set as 0.0002 for most records except record 3005-3008. Since the spectra of different loads and different faults 
About the determination of the frequency grid
If the characteristic frequencies of a given type of bearings are roughly estimated according to the geometrical parameters, the frequency grid can be selected ac-cording to the range of estimated characteristic frequencies. If the characteristic frequencies are completely unknown, the range of the frequency grid could be the same with that of the spectrum. In this way the harmonics of all components of the original spectrum are considered in the SISO.
Indeed there is no any restriction on the selection of G. The purpose of selecting F l and F h in (4) is to reduce the computation effort of the searching.
Advantages and limitations
The proposed method is based on a simple searching algorithm, and it is effective in finding the harmonics of the interested frequency range. Even the harmonics with small amplitudes could be found and projected onto the frequency grid.
Although noises and other random impulses may introduce some local peaks unrelated to the faults, the significant components in the SIOS can still be clearly recognized and related to the characteristic frequencies of bearings.
The proposed method is robust against noises and random impulses. Similar methods, e.g. cepstrum, usually could not find enough periodic components of the signal in case of heavy noises and other interferences. As illustrated in the benchmark study of bearings, the proposed method could provide more information about the harmonics of impulses than the envelope analysis and better diagnosis results can be achieved.
Limitations of the proposed method are as follows: (a) the SIOS can only provide qualitative information, where N (i) and E(i) are not the true value due to the finite spectrum resolution and noises; (b) the computation effort could be high, when the range of the frequency grid or the number of local peaks is large; and (c) the method can not work if the fault has no signatures made of peaks. 
Conclusion

